a Dopaminergic (DA) agonist-induced yawning in rats seems to be mediated by DA D3 receptors, and low doses of several DA agonists decrease locomotor activity, an effect attributed to presynaptic D2 receptors. Effects of several DA agonists on yawning and locomotor activity were examined in rats and mice. Yawning was reliably produced in rats, and by the cholinergic agonist, physostigmine, in both the species. However, DA agonists were ineffective in producing yawning in Swiss-Webster or DA D2R and DA D3R knockout or wild-type mice. The drugs significantly decreased locomotor activity in rats at one or two low doses, with activity returning to control levels at higher doses. In mice, the drugs decreased locomotion across a 1000-10 000-fold range of doses, with activity at control levels (U-91356A) or above control levels [( ± )-7-hydroxy-2-dipropylaminotetralin HBr, quinpirole] at the highest doses. Low doses of agonists decreased locomotion in all mice except the DA D2R knockout mice, but were not antagonized by DA D2R or D3R antagonists (L-741 626, BP 897, or PG01037). Yawning does not provide a selective in-vivo indicator of DA D3R agonist activity in mice. Decreases in mouse locomotor activity by the DA agonists seem to be mediated by D2 DA receptors.
Introduction
The dopaminergic (DA) D3R is classified as a member of the D2-like family of dopamine receptors based on its close sequence homology to the DA D2R (Sokoloff et al., 1990) . The relatively restricted localization of the DA D3R in mesolimbic brain areas has contributed to the interest in this receptor, and it has been suggested as a therapeutic target for various psychiatric disorders (see reviews by Joyce and Millan, 2005; Newman et al., 2005) .
Despite a considerable amount of research on the DA D3R, an understanding of the receptor and the pharmacology of its ligands, particularly in vivo, remains incomplete (Levant, 1997; Xu et al., 1999) . Moreover, the relative selectivity of various putative D3R ligands can vary substantially from one study to the next, and depend on features of the assays, including especially the radiolabel used (Levant, 1997) .
In addition to the paucity of selective agonist and antagonist ligands, studies of the in-vivo pharmacology of putative DA D3R ligands have been hindered by a lack of functional assays that are uniquely and selectively responsive to actions at DA D3 receptors. Several in-vivo effects have been suggested as functional consequences of DA D3R activity. Reports of studies conducted in rats show biphasic dose-effect curves with decreases in locomotor activity at low doses yielding to stimulation of activity at higher doses. Several investigators have suggested that the decreases obtained at low doses of DA agonists are because of actions at presynaptic DA receptors, whereas others have suggested that the decreases in activity were because of actions at the DA D3R (Daly and Waddington, 1993; Gilbert and Cooper, 1995; Pugsley et al., 1995; Bristow et al., 1996; Depoortere et al., 1996; Maj et al., 1999; Rogóz and Skuza, 2001 ). Most of the earlier reports on the effects of DA agonists on locomotor activity in mice indicate only dose-related decreases (Pugsley et al., 1995; Geter-Douglass et al., 1997; Tirelli et al., 1997; Xu et al., 1999; Boulay et al., 1999a Boulay et al., , 1999b Pritchard et al., 2003) .
Yawning in rodents has long been associated with DA activity (e.g. Mogilnicka and Klimek, 1977; Holmgren and Urbá-Holmgren, 1980; Yamada and Furukawa, 1980) . As noted by Collins et al. (2005) , early hypotheses attributed yawning to various DA mechanisms, and more recently the biphasic dose-effect curve has been suggested to be because of a DA D3R mediated stimulation of yawning, accompanied by a DA D2R inhibition of the effect. Drugs with preferential activity at the DA D3R should produce a biphasic dose-effect curve (Kostrzewa and Brus, 1991; Levant, 1997) . Indeed, studies of several DA agonists, including; PD 128907 ((S)-( + )-(4aR,10bR)-3,4,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano-[4,3-b]-1,4-oxa zin-9-ol HCl), quinelorane, and ( ± )-7-hydroxy-2-dipropylaminotetralin HBr (7-OH-DPAT) produced significant, dose-dependent increases in yawning with maximum stimulation at an intermediate dose, and decreases from this maximum at the highest doses. Several antagonists with reported selectivity for the DA D3R, including U-99,194A, SB 277011A, PG01037, and less so nafadotride, shifted the ascending limb of the biphasic dose-effect curve rightward, without the effects on the descending limb. In contrast, the nonselective antagonists, haloperidol, and raclopride, shifted the entire biphasic dose-effect curve rightward, whereas the DA D2R preferring antagonist, L-741626, selectively shifted the descending limb of the biphasic doseeffect curve (Collins et al., 2005; Sevak et al., 2007) .
These studies were initiated to further explore the respective roles of dopamine receptor subtypes in the yawning induced by DA D3R preferring agonists. It was hypothesized that the biphasic dose-effect curve for the agonists would be absent, or substantially modified, in mice with a genetic deletion (knockout) of the DA D2 receptor (DA D2R KO) compared with wild-type (DA D2R WT) mice. In the initial stages of the study it was determined that, in contrast to what was obtained in rats, yawning was not produced by DA D3R preferring agonists in mice, including 7-OH-DPAT, PD 128907, quinpirole, quinelorane, and the nonselective agonist, apomorphine. However, casual observations indicated that several of the DA D3R preferring agonists decreased locomotor activity which was then studied fully to ensure that the absence of yawning was not because of the lack of sufficient dosage. The decreases in activity became of interest because they were reversed at higher doses with several agonists, and because they occurred over a profound range of doses. The range of doses was much greater than that for the decreases in activity in rats, and indeed much greater than the range of doses over which most behaviorally active drugs have their effects. In this study, we focused on the decrease in activity using pharmacological tools and mutant mouse lines to characterize its mechanism.
Methods Subjects
Sprague-Dawley rats (Taconic Farms, Germantown, New York, USA) and Swiss-Webster (Taconic Farms or Harlan Laboratories, Indianapolis, Indiana, USA), C3H (Harlan Laboratories), DA D2R KO, and WT mice (Kelly et al., 1997) , and DA D3R KO and WT mice (Xu et al., 1997) served as subjects. The mutant mice used in these studies were the product of at least 10 generations of mating heterozygote mice with C57BL/6J mice. All animals were housed in a temperature-controlled and humidity-controlled vivarium with a 12-h light/dark cycle (lights on 07:00 h). All the experiments were conducted during the light phase of the light/dark cycle. Subjects were allowed to habituate to the colony room for at least 1 week before their use in these experiments. Food and water were available at all times except during the experimental tests. Experiments were conducted in accordance with National Institutes of Health Guidelines under Institutional Animal Care and Use Committee approved protocols.
Apparatus
Locomotor and yawning behaviors were tested in 40 Â 40 Â 40 cm clear acrylic chambers. The acrylic chambers were placed inside monitors (Accuscan Instruments, Inc., Columbus, Ohio, USA), which were equipped with light-sensitive detectors spaced 2.5 cm apart along two perpendicular walls. Mounted on the opposing walls were infrared light sources that were directed at the detectors. One count of horizontal activity was registered each time the subject interrupted a single beam. The locomotion and yawning behaviors of rats were recorded in the whole chambers, whereas locomotion and yawning behaviors in pairs of mice were monitored with each in a separate diagonal quarter of the acrylic chamber, which was partitioned into quadrants.
Procedures
Subjects were habituated to the acrylic chamber for at least 60 min before tests. For drug interaction studies, there was a saline or L-741626 injection at 30 min into the habituation period (30-min pretreatment before a second injection and behavioral assessments). Locomotor activity was recorded automatically whereas yawning was recorded by visual observation each for 60 min immediately after the habituation period. An instance of yawning was recorded when the animal opened its mouth widely and gradually, maintained the opened position for at least 1 s, and then closed the mouth rapidly. As this behavior is easily defined and unique in its topographic presentation, measurements of yawning frequency were taken by trained observers (S-M.L., G.T.C.), who were not blind to treatments. In unpublished experiments from this laboratory in which two blind independent observers were employed, the reported frequencies of yawning were highly correlated (r = 0.94) with a 95% confidence interval of 0.90-0.96 (P < 0.001). Further, these data in rats compare quite favorably to the results from other studies, indicating that measurement techniques with high reliability were implemented.
Rats and Swiss-Webster mice were generally tested once with the following exceptions. As the absence of an elicitation of yawning unfolded (data detailed in Table 1 ), several subjects were tested more than once, with at least 48 h between exposures to drugs. In studies of the effects of physostigmine, L-741626, PD 128907, and 7-OH-DPAT in DA D2R mutant mice, subjects were tested with either the full range (or 1-3 doses) of drug or vehicle, because of the limited supply of the animals, again with at least 48 h gap between exposures to drugs. Repeated testing in rats (twice each week) has been shown in pilot studies to have no effect on the frequency of yawning.
Drugs
The drugs studied were 7-OH-DPAT hydrobromide, PD 128907 hydrochloride, quinpirole hydrochloride, physostigmine hemisulfate, U-91356A ((R)-5,6-dihydro-5-(propylamino)4H-imidazo[4.5.1-ij]quinolin-2-(1H)-one, mono hydrochloride), a DA D2R preferring agonist (Piercey et al., 1996) , apomorphine hydrochloride, PG01037 (N-{4-[4-(2,3-dichlorophenyl)-piperazin-1-yl]-trans-but-2-enyl}-4-pyridine-2-yl-benzamide HCl, Grundt et al., 2005) , BP 897, and L-741626. All subsequent designations refer to the respective salt forms except L-741626. The 7-OH-D PAT, PD 128907, quinpirole, and physostigmine were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). L-741626 and PG01037 were synthesized in the Medicinal Chemistry Section at NIDA Intramural Research Program, and the U-91356A was generously donated by Pharmacia and Upjohn (with attention to the request kindly provided by Dr Lisa Gold). L-741626 was dissolved in saline solution by adding drops of acetic acid solution. The pH was adjusted to 5-7 with NaOH solution.
PG01037 was dissolved in water and BP 897 was dissolved in 20% b-cyclodextrin (Sigma-Aldrich). Other drugs were dissolved in saline. 7-OH-DPAT solution was freshly made before injections. The drug solutions were administered by the intraperitoneal route (physostigmine, L-741626) or subcutaneously (apomorphine, 7-OH-DPAT, PD 128907, and quinpirole) at 1 ml/kg for rats or 1 ml/ 100 g for mice, with doses administered on the basis of body weight. In the initial studies of yawning behavior in mice (Table 1) , 7-OH-DPAT, PD 128907, and quinpirole solutions were also administered by intraperitoneal injection because of the absence of yawning behavior after subcutaneous administration. Physostigmine, U-91356A, BP897, PG1037 were given through intraperitoneal injection according to earlier publications. Limited supplies of U-91356A precluded extending some of the studies.
Statistics
Data are presented as mean ± SEM. For the drug-alone tests, one-way repeated measures analysis of variance (ANOVA), or one-way ANOVA, as appropriate, was followed by a Dunnett's post-hoc test. For studies of drug interaction on mutant mice, data were analyzed with a twoway ANOVA or a two-way repeated-measures ANOVA followed by a Fisher's least significant difference post-hoc assessment of all pair-wise effects. The level of significance was P value of less than 0.05.
Results
Effects of DA D3R preferring agonists on yawning in rats and mice Both 7-OH-DPAT (0.01-0.3 mg/kg) and PD 128907 (0.03-1.0 mg/kg) dose-dependently increased the frequency of yawning behavior from virtually none after vehicle injection, to a maximum approaching 30 for each 60 min at 0.1 mg/kg for each drug ( Fig. 1 ; top panel). Significant effects of treatment were obtained with both the drugs [7-OH-DPAT: F (4,15) = 5.22, P < 0.01; PD 128907: F (4,19) = 16.5, P < 0.01]. The dose-effect curves were biphasic, with dose-dependent increases up to the maximum obtained at 0.1 mg/kg, and less of an increase at higher doses.
In contrast to what was observed with rats, neither 7-OH-DPAT nor PD 128907 produced a significant increase in yawning behavior in Swiss-Webster mice (Table 1) . The lack of effect was obtained over a relatively large range of doses that included those that produced maximal yawning in rats. The lack of effect with these two drugs prompted formal observational studies of several other DA agonists and different routes of administration. Despite the assessment at doses that earlier induced yawning with rats (Collins et al., 2005) , yawning was not obtained at frequencies greater than that observed with vehicle (Table 1) . These subsequent studies, and informal observations conducted during studies described below directed at locomotor activity with Swiss-Webster mice and DA D2R and DA D3R mutant mice, did not find yawning to be produced by any of the DA agonists tested.
Effects of physostigmine on yawning in rats and mice
As none of the DA agonists that produced yawning in rats were active in mice, we assessed the effects of the indirect cholinergic agonist, physostigmine that also induces yawning in rats. Physostigmine (0.1-0.4 mg/kg) dose-dependently increased the incidence of yawning behavior in rats [F (3,12) = 18.6, P < 0.01, Table 2 ], with 0.2 mg/kg producing a significant difference from control (q = 7.06, P < 0.01). Physostigmine also produced significant effects in Swiss-Webster, DA D2R WT, and KO mice [F (3,12) = 16.1, P < 0.01; F (3,12) = 6.70, P < 0.01, and F (3,12) = 7.91, P < 0.01, respectively, Table 2 ], though the magnitude of these effects in the DA D2R WT and KO mice was much less than in the Swiss-Webster mice. There were no significant differences between the DA D2R WT and KO mice [F (1,18) = 0.04, NS].
Effects of DA D3R-preferring agonists on locomotor activity in rats and mice
Both 7-OH-DPAT and PD 128907 also produced biphasic effects on locomotor activity in rats (Fig. 1 , bottom panel). Significant treatment effects were obtained with both the drugs [7-OH-DPAT: F (4,15) = 4.88, P < 0.05; PD 128907: F (4,19) = 3.51, P < 0.05]. At 0.03 mg/kg of 7-OH-DPAT, there was a significant decrease in activity (q = 4.09, P < 0.01), with effects at higher (0.1 and 0.3 mg/kg) and lower (0.01 mg/kg) doses not significant. A significant decrease in locomotor activity was obtained with 0.1 and 0.3 mg/kg of PD 128907 (q = 3.46, P < 0.01 and q = 2.85, P < 0.05, respectively), whereas the effects were not significantly different from control at higher (1.0 mg/kg) and lower (0.03 mg/kg) doses.
At low to intermediate doses, quinpirole (0.001 to 10.0 mg/kg) and 7-OH-DPAT (0.0001 to 1.0 mg/kg) decreased locomotor activity in Swiss-Webster mice ( Fig. 2a  and b ). The decreases were not monotonic, with the highest dose (100 mg/kg) of each drug increasing activity above control levels. Decreases in activity were obtained over a remarkable 10 000-fold range of doses for quinpirole [F (6,35) = 16.5, P < 0.01] and 7-OH-DPAT [F (7, 62) = 9.83, P < 0.01].
The pattern of dose effects on locomotor activity with PD 128907 differed from 7-OH-DPAT and quinpirole ( Fig. 2c) , with only a dose-related monotonic decrease in locomotor activity evident [F (5,35) = 8.16, P < 0.01]. Doses of 0.1 mg/kg or greater significantly decreased activity, with lethality in all animals tested at 300 mg/kg of PD 128907. Baseline activity in these subjects was greater than that obtained with other drugs, which may have contributed to the absence of a return towards baseline levels at the high doses. Therefore, PD 128907 was studied again in new groups of subjects (data not shown). Vehicle levels of activity in these subjects averaged 3660 (± 636) counts/ 60-min, and were significantly decreased at doses from 3 to 100 mg/kg [one-way ANOVA F (4,40) = 5.77, P < 0.002].
The putative DA D2R receptor agonist, U-91356A, also decreased locomotor activity across an approximate 1000-fold range of doses (0.1-10 mg/kg). The dose-effect curve (Fig. 2d) resembled that for 7-OH-DPAT and quinpirole, though the highest dose only returned activity to control levels without exceeding them. Higher doses of the drug were not tested because of limits to the amount of drug available. The ANOVA for the effects of U-91356A indicated a significant effect of dose [F (5,48) = 4.74, P < 0.002].
Mutant mice were studied to assess whether the decreases in activity produced by the low to intermediate doses of the agonists were because of effects mediated at the DA D2R or DA D3R. In general, locomotor activity levels were lower in the DA D2R KO compared with WT mice (compare open to filled points above V in Fig. 3 ). With quinpirole (Fig. 3a) , a repeated-measures of ANOVA indicated a lack of overall significance of dose [F (3,30) = 2.36, P = 0.092] and genotype [F (1,30) = 2.66, NS]. However, the post-hoc tests indicated that the highest dose tested (0.1 mg/kg) was inactive in the DA D2R KO mice but significantly decreased locomotor activity (to 42% of control levels) in the DA D2R WT mice (Fig. 3a) . At low to intermediate doses, 7-OH-DPAT produced dose-related decreases in the locomotor activity of WT but not KO mice (Fig. 3b) . The two-way ANOVA indicated a significant effect of dose in the DA D2R WT mice [F (3,40) = 13.8, P < 0.001], whereas the effects of genotype [F (1,40) = 1.39, NS] and its interaction with dose [F (3,40) = 2.18, NS] were not significant.
Increasing doses of PD 128907 also produced dosedependent decreases in locomotor activity (Fig. 3c) . A two-way ANOVA indicated significant effects of dose [F (4,50) = 11.1, P < 0.001] without effects of genotype [F (1,50) = 0.40, NS], though there was an effect of their interaction [F (4,50) = 10.1, P < 0.001]. The highest dose tested (1.0 mg/kg) was inactive in the DA D2R KO mice but decreased locomotor activity to 15% of control levels in the DA D2R WT mice (Fig. 3c) . Genotype-dependent effects of U-91356A were found across a range of doses from 0.01 to 1.0 mg/kg (Fig. 3d) In general, there were no significant differences in locomotor activity levels in the DA D3R KO compared with WT mice (compare open to filled points above V in Fig. 4) , though control levels for DA D3R KO mice were above those for WT mice in studies of U-91356A.
Quinpirole (Fig. 4a) in DA D3R WT or KO mice, and overall effects of doses were not significant [F (4,40) = 0.802, NS]. In this comparison there was a significant effect of genotype [F (1,40) = 5.18, P < 0.05], with post-hoc tests indicating that the only significant difference (P = 0.012) between genotypes occurred at 0.3 mg/kg, which increased activity with substantial variability between subjects in DA D3R KO mice to a greater extent than WT mice (see Fig. 4b ).
PD 128907 also dose-dependently decreased locomotor activity in the DA D3R WT and KO mice (Fig. 3c) , and repeated measure ANOVA indicated significant effects of dose [F (3,30) F (3,27) = 3.06, P < 0.05]. As noted above, there were differences in baseline activity levels in DA D3R WT and KO mice that contributed to the significant effects of genotype.
Effects of DA antagonists alone and in combination with DA D3R-preferring agonists on locomotor activity
Administered alone, the DA D2R-preferring antagonist, L-741626, produced dose-dependent statistically significant decreases in locomotor activity in Swiss-Webster mice [F (3,20) = 12.5, P < 0.001; Fig. 5 , triangles; Table 3 ].
Either of the DA D3R antagonists, PG01037 (Fig. 5, open circles) or BP 897 (Fig. 5, filled circles) , did not significantly affect locomotor activity across the range of tested doses.
Pretreatments with L-741626 shifted the quinpirole dose-effect curve downward in a manner that depended on L-741626 dose [F (3,123) = 21.105, P < 0.001, compare open points to filled points in Fig. 6a ]. There was also a significant effect of quinpirole dose [F (5,123) = 3.82, P < 0.005] and an interaction between the two drugs [F (15,123) = 2.67, P < 0.002]. L-741626 also shifted the 7-OH-DPAT (Fig. 6b ) and PD 128907 (Fig. 6c ) dose-effect curves downward. With each of these drug combinations there was a significant effect of L-741626 dose [with 7-OH-DPAT: F (3,64) = 20.7, P < 0.001; with PD 128907: F (3,122) = 13.5, P < 0.001], and a significant effect of the agonists [7-OH-DPAT: F (2,64) = 13.1, P < 0.001; PD 128907: F (5,122) = 5.88, P < 0.001]. There were also significant interactions between L-741626 doses and agonist dose [7-OH-DPAT: F (6,64) = 2.93, P < 0.02; PD 128907: F (15,122) = 2.36, P < 0.005].
The potential antagonism of the decrease in activity produced by 1.0 mg/kg of 7-OH-DPAT by DA D3R antagonists, BP 897, and PG01037 was also examined in Swiss-Webster mice (Fig. 7) . Each antagonist was studied at 30.0 and 56.0 mg/kg, the highest doses studied that did not produce effects were different from control when examined alone, and for PG01037 a higher dose (see Fig. 5 ). Each one-way ANOVA conducted on the data for either BP 897 [F (3,27) = 33.3, P < 0.001] or PG01037 [F (3,24) = 8.44, P < 0.001] was significant, with activity levels after 1.0 mg/kg 7-OH-DPAT significantly less than control levels. However the post-hoc tests indicated that neither antagonist at any of the doses tested significantly attenuated the effects of 1.0 mg/kg of 7-OH-DPAT. Values represent the average number of locomotor activity counts during a 60-min observation period. Each dose was examined in six subjects. KO, knockout; WT, wild-type. Significant outcome of Dunnett's test versus vehicle group is indicated as follows: *P < 0.05; **P < 0.01. Effects of dopamine antagonists on locomotor activity in Swiss-Webster mice. Vertical axes: mean number of locomotor activity counts during a 60-min observation period. Horizontal axes: drug dose in mg/kg. Vertical bars indicate ± SEM. Each dose was examined in six to twelve mice. Statistical significance of results versus vehicle (V) according to a Dunnett's test in wild-type mice are indicated as follows: *P < 0.05; **P < 0.01. Each dose was examined in six to eight mice. Statistical significance according to the Fisher's least significant difference test of 7-OH-DPAT with vehicle versus vehicle and vehicle results are as follows: *P < 0.05; **P < 0.001. Differences between agonist and vehicle versus agonist and antagonist were not statistically significant according to the Fisher's least significant difference test (P Z 0.18).
Discussion
In this study the DA agonists, 7-OH-DPAT, and PD 128907, produced dose-related increases in yawning in rats at low to intermediate doses, and less of an increase at the highest doses, as in earlier studies (Collins et al., 2005 (Collins et al., , 2007 . In addition, low doses of the drugs produced a decrease in locomotor activity that resolved at higher doses. In contrast, yawning was not produced in mice by any doses of several DA agonists, but was reliably produced by physostigmine. The effects of physostigmine indicate that the yawning response can be induced in mice, but does not appear to be activated by a variety of drugs that induce yawning in rats through DA D3R mechanisms. Collins et al. (2005) suggested that the inhibition of yawning that appears at higher doses of DA agonists and contributes to the descending limb of the biphasic doseeffect curve appears to be mediated by DA D2R agonist actions. In their study, the DA D2R preferring antagonist L-741626, selectively antagonized the descending limb of the PD 128907 and quinelorane dose-effect curves. This effect was also obtained without appreciable change in the ascending limb of the dose-effect curve for a variety of other DA D3R-preferring agonists, consistent with these two dopamine receptors producing opposing effects on yawning (Collins et al., 2007) . Thus, the possibility exists that the absence of yawning in mice is because of prepotent DA D2R mediated inhibitory effects that preclude the expression of an otherwise DA D3R mediated stimulation of yawning.
We examined the hypothesis that prepotent DA D2R-mediated effects interfered with the expression of a DA D3R-mediated induction of yawning by examining mice with a genetic deletion of the DA D2R, and by administering the putative DA D2R selective antagonist, L-741626. According to the hypothesis, eliminating actions either by genetic deletion or by pharmacological blockade of the receptor would be expected to show a full expression of yawning behavior in the mouse. However, neither DA D2R KO nor WT mice showed any yawning after administration of either 7-OH-DPAT or PD 128907. In addition, casual observations during studies of interactions of L-741626 and the agonists on locomotor activity did not show instances of yawning. Furthermore, the lack of difference between DA D2R WT and KO mice in the effects of physostigmine indicates the absence of a generalized DA D2R-mediated inhibitory effect on yawning. Thus, the absence of yawning appears unrelated to the relative potencies of DA D2R-mediated and D3R-mediated actions in the mouse and suggests differences between rats and mice with regard to the pharmacological actions of DA D3R agonists.
Across the range of doses that were examined, several of the DA agonists produced a decrease in locomotor activity in mice and rats. In rats, the decreases in activity were obtained over a restricted range of doses. In particular with 7-OH-DPAT a significant effect at 0.03 mg/kg was not obtained at three-fold higher or three-fold lower doses. In contrast, the relation of this effect to dose in mice was remarkable in that decreases were obtained across a relatively wide range of doses, from 1000-fold to 10 000-fold with 7-OH-DPAT and quinpirole. There were substantial differences among the agonists with respect to effects at the higher doses in mice. For PD 128907, none of the higher doses returned activity to control levels, and with U-91356A, the highest dose studied only returned activity to control levels. The variability across drugs in the effects of the highest doses, and the remarkably wide range of doses over which the decreases in locomotor activity were obtained, prompted the present focus on the pharmacology of the decreases in activity. The observation that some, but not all DA agonists produced hyperactivity at the highest doses tested tempts an interpretation of differences among the drugs with respect to high-dose toxicity, however, that suggestion requires further investigation.
A low-dose inhibition of locomotor activity that is resolved at higher doses has been reported in the past (e.g. Daly and Waddington, 1993; Pugsley et al., 1995; Bristow et al., 1996; Maj et al., 1999) , and has been variously attributed to presynaptic DA D2R activity (e.g. Millan et al., 2004) and actions mediated by the DA D3R (e.g. Gilbert and Cooper, 1995; Bristow et al., 1996; Shafer and Levant, 1998; Maj et al., 1999) . These studies with DA D2R KO and WT mice suggest that the effect is mediated, at least in part, by the DA D2R, as it was obtained in the DA D2R WT but not KO mice. In addition, decreases in locomotor activity were obtained in both DA D3R WT and KO mice. The DA D2R actions mediated by both presynaptic or postsynaptic DA D2R requires additional studies.
None of the antagonists studied were effective in blocking the agonist-induced decreases in locomotor activity obtained at the low to intermediate doses.
Indeed L-741626, rather than antagonizing, added to the locomotor decreasing effects of 7-OH-DPAT, quinpirole, and PD 128907. The lack of antagonism may not be surprising given the multitude of pharmacological agents that can decrease locomotor activity, and by implication the presumed mechanisms that may contribute to the effect on locomotor activity. Studies of antagonist effects in mutant mice may elucidate some of these mechanisms. Nonetheless, an antagonist with sufficient selectivity such as what has been reported at least among dopamine receptor subtypes (e.g. Grundt et al., 2007) , should have blocked the effects of its respective agonist, if the agonist was sufficiently selective in producing its effects. Despite significant effects of genotype in the effects of L-741626 on DA D2R mutant mice, the differences in sensitivity to the effects of L-741626 itself were relatively small in the two lines of mice. That finding, along with the general lack of antagonism of the effects of the agonists underscores the extant need for more selective pharmacological tools, both agonists and antagonists, to study dopaminergicallymediated behavioral effects better.
These studies document significant differences in the pharmacology of DA agonists in mice and rats. The most pronounced of these differences is the absence of yawning induced by the agonists in the mouse. Although yawning can be induced through other mechanisms in the mouse, it appears that yawning will not provide an in-vivo indication of DA D3R activation in the mouse. PD 128907 was different from the other DA agonists in that the decreases in locomotor activity were not resolved at high doses of the drug. Mechanisms contributing to the differences in the pattern of dose-effects on locomotor activity are not presently clear though it seems likely that these differences reflect differences in potencies for effects contributing to the decreases and the increases at higher doses.
In summary, the DA D3R preferring agonists, 7-OH-DPAT, and PD 128907, produced a biphasic stimulation of yawning in rats and a biphasic inhibition of locomotor activity. In contrast, these effects were different in mice; yawning was not produced by DA agonists, and the decreases in locomotor activity were characteristically obtained over a relatively broad range of doses. The decreases in locomotor activity appear to be because of the actions of the drugs at the DA D2R. These results are not inconsistent with earlier results indicating opposing modulation of yawning by the DA D3R and D2R in rats, though further studies on the role of the DA D3R in mice are clearly necessary.
